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The effects of external factors such as temperature, humidity, pesticide formulation, and pesti-

cide concentration on the contact angle of pesticide droplets on rice leaf surfaces were analyzed.
The experiments showed that there were significant differences in the contact angles of droplets
on the leaf surfaces under different temperatures and humidity. As the ambient temperature in- '
creased, the contact angle first decreased and then increased, reaching a minimum value at 25°C.
With a gradual increase in humidity, the contact angle significantly increased and reached a max-
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imum at 100% humidity. Finally, it was concluded that both the formulation and concentration
of the pesticide had a significant effect on the contact angle of droplets on rice leaf surfaces. The experiments also illustrated that the effects of
the pesticide formulation and concentration on the contact angle were more significant than those of temperature and humidity.
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Introduction

Rice is an important grain planted in large areas in China.! Re-
cently, rice diseases, insects, and weeds have been increasing an-
nually. Currently, chemical control is the main prevention and
control method.? Pesticides play an extremely important role in
agricultural production. Although pesticide use can increase
crop yields in the short term, their excessive use leaves many
hidden dangers that can be easy to ignore. For example, pesti-
cide droplets can easily roll off the surface of rice leaves,*>
ing only 20-30% of the pesticides to be deposited on the target.
The remaining 70-80% is lost to the soil,” which leads to the
pesticide having a low degree of wet spreading on the plant fo-
liage” and causing ecological pollution.’'?
the key challenges regarding current pesticide application tech-
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Therefore, one of

* To whom correspondence should be addressed.
E-mail: vincen@scau.edu.cn
Published online April 23, 2022

(O EATETM| © Pesticide Science Society of Japan 2022. This is
an open access article distributed under the Creative Commons Attri-
bution-NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND
4.0) License (https://creativecommons.org/licenses/by-nc-nd/4.0/)

nology is to improve the utilization rate of pesticides, which can
be accomplished by studying the wet-distribution effect of liquid
pesticides on the surface of rice leaves.!>'¥

The leaf surface is a barrier that separates plant tissues from
the environment.'” It plays an important role in protecting the
internal structure of the leaf, and it resists the influence of differ-
ent external environments.!*!”) Spray droplets can attach to the
leaf surface to improve the utilization of pesticides. The contact
angle on the surface of the plant leaves is an important indica-
tor that can be used to measure the wetting properties of a liq-
uid.lS—ZO)

The phenomenon of liquid diffusion on the surface of isotro-
pic plant leaves is called wetting.>"?? The ability of a liquid to dif-
fuse on a solid surface is called the wettability of the liquid to the

solid.?>2*

) Wetting spread is a phenomenon in which one fluid
replaces another fluid on the interface, usually referring to the
process by which a liquid replaces a gas on a solid surface. The
wetting and distribution of a liquid on the surface of rice leaves,
which is generally represented by the contact angle,>?® reflects
the affinity of the rice leaf surface for pesticide droplets. The con-
tact angle of droplets on rice leaves is affected by internal and ex-
ternal factors. Internal factors mainly include the rice variety, the
chemical fractionation of wax deposited on the leaf surface,?”

physical microstructures,?® leaf position, and the plant growth
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Fig. 1. Contact angle schematic.

cycle. External factors affect the contact angle by changing the en-
vironmental conditions around the leaf surface and the properties
of the liquid, including the type and concentration of surfactants,
the type and concentration of organic solvents, the solution vis-
cosity, droplet volume, temperature, and humidity.

Contact angle is the most direct indicator of wetting and
spreading properties. For most plants, the wetting and spreading
performance on plant leaves can be analyzed by measuring the
contact angle between droplets and the leaf surface. Contact an-
gles less than 90° indicate wetting, and the droplets can adhere
to the solid surface or even spread. Contact angles greater than
90° indicate non-wetting. If the contact angle is much larger
than 90°, the droplets will aggregate into water droplets and roll
off.?”) The contact angle is shown in Fig. 1.

During plant growth, the temperature and relative humidity
30,31

) These two

of the environment are critical external factors.

The PT-705B automatic water drop angle tester
e T 7 % O8] )

The programmable constant
temperature and humidity chamber

environmental factors greatly affect the physical and chemical
properties of leaf surfaces, thus affecting the contact angle of
droplets on the surface of rice leaves. Therefore, many research-
ers have recently explored the effects of temperature®” and hu-
midity®® on the droplet contact angle. Baker*® explored the ef-
fects of temperature and relative humidity on the wettability of
cabbage leaf surfaces and concluded that a decrease in tempera-
ture or relative humidity would reduce the wettability. In a study
on rice and lotus leaves, Sun®” also mentioned the important
influence of temperature on leaf surface wetting diffusion. The
results of the study showed that the contact angle of droplets
on the surfaces of experimental plant leaves remained constant
within a certain temperature range. After reaching a certain
temperature, the contact angle began to linearly decline. When
the experimental temperature reached 56°C, the contact angle of
the droplets on the surface of the lotus and rice leaves was ap-
proximately 120°. At this temperature, the rice leaf contact angle
decreased at the highest rate. As the ambient temperature con-
tinued to rise, the contact angle of the droplets on the surfaces of
the lotus and rice leaves decreased, and it was minimized when
the ambient temperature reached 69°C. In the ambient tempera-
ture range of 56-69°C, the contact angle of the droplets on the
surfaces of the lotus and rice leaves changed significantly.

In this study, the effects of four main external factors, namely
ambient temperature, relative humidity, pesticide formulation,
and pesticide concentration, on the contact angle of droplets
on rice leaves during a simulated agricultural aviation rice-
field spraying operation were investigated using an automatic
contact-angle tester. The impacts of these four factors were then
obtained. This study considered the temperature and humidity

Fig. 2. The experimental environment was designed and constructed to measure the contact angle of droplets on the surface of rice leaves under differ-
ent temperature and humidity conditions. (A) Measuring computer; (B) numerical control board for the incubator; (C) high-speed camera; (D) internal
environment of the test chamber with constant temperature and humidity; (E) drop injector; (F) fixed experimental platform; (G) water tank.
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Table 1. Experimental factors and levels

Experimental factors Levels
Temperature 15°C 20°C 25°C 30°C 35°C 40°C 45°C
Humidity 40% 50% 60% 70% 80% 90% 100%
Pesticide formulation EC SC WP WG SL
Pesticide concentration 1:100 1:200 1:500 1:1000 1:2000 1:3000 1:4000

ranges of rice plants in the general planting environment to be
the independent variables and the rice leaf contact angle to be
the dependent variable. Finally, this study explored the interac-
tion effect of ambient temperature and relative humidity on the
leaf contact angle of rice plants.

Materials and methods

1. Materials

Three rice varieties (Guang 8 You 169, He Mei Zhan, and Mei
Xiang Zhan 2) were selected from the agriculturally dominant
rice varieties released by the Guangdong Provincial Department
of Agriculture. These varieties are widely used in Guangdong
and the rice-planting regions of southern China, and they have
good prospects for popularization and application.

To avoid any effects of other variables on the experiment, the
test rice materials were uniformly planted in a rice test field at
the South China Agricultural University. The penultimate leaves
in the middle of the rice plants were selected as the experimental
samples. In order to keep the rice leaves fresh, they were packed
and sealed in polyethylene bags and transported to the labora-
tory immediately after each field-sampling session. The bottoms
of the rice leaves were immediately placed in a container of dis-
tilled water to prevent the leaves from curling up, which would
have prevented the contact angle of the droplets on the leaf
surfaces from being measured. Before the experiment, the rice
leaves were cut into 8 cm-long rectangles. The samples were then
adhered to glass slides with double-sided tape, and the edges
were lightly compacted to prevent curling. Finally, the slides
were placed on a platform for measurement. During the mea-
surements, external objects were prevented from contacting the
rice leaf surfaces to avoid damaging the leaf surface structures.

2. Experimental instruments and tools

A PT-705B automatic water-drop angle tester (Dong Guan Pre-
cise Test Equipment Co., Ltd., China) and a programmable con-
stant temperature and humidity tester (Shang Hai Jiang Kai Ma-
chine Co., Ltd., China) were used in the experiment, as shown in
Fig. 2. The automatic water-drop angle tester was equipped with

a precise automatic liquid-distribution system. The programma-
ble constant temperature and humidity tester had a temperature
accuracy of 0.1°C and a humidity accuracy of 0.1%.

3. Methods

The external factors considered in this study were categorized as
environmental or chemical factors. The environmental factors
were temperature and relative humidity. The chemical factors
were pesticide formulation and pesticide concentration.

The experimental platform that was built for this study is
shown in Fig. 2. The contact angle was measured using an au-
tomatic water-drop angle tester. The experiment was carried
out in a chamber with programmable constant temperature and
humidity, and the temperature and humidity were adjusted ac-
cording to the experimental requirements. A high-speed cam-
era equipped with the drop angle tester was used to capture the
droplet, and the shape of the droplet was collected using an op-
tical amplification system and an image acquisition system. Fi-
nally, the contact angles of droplets on the rice leaf surfaces were
measured using the ellipse fitting method® with the automatic
water-drop angle tester.

3.1. Experiment on the influence of single factors on the

contact angle of rice leaves
First, the effects of temperature and humidity on the surface
contact angle of rice leaves were explored. The three rice vari-
eties (Guang 8 You 169, He Mei Zhan, and Mei Xiang Zhan 2)
were arranged for measurement of the contact angle at different
temperatures and humidity levels using a uniform pesticide for-
mulation with a dilution ratio of 1:200 as the suspension agent.
The experimental factors and levels are shown in Table 1. The
temperature levels were 15°C, 20°C, 25°C, 30°C, 35°C, 40°C, and
45°C, and the humidity levels were 40%, 50%, 60%, 70%, 80%,
90%, and 100%. Then the effects of the pesticide formulation
and concentration on the rice leaf surface contact angle were
studied. The experiment to measure the contact angle on rice
variety Guang 8 You 169 was designed under unified conditions
of 30°C, 70% humidity, and different pesticide formulations and
concentrations. Five widely used pesticide formulations were

Table 2. Experimental factors and levels

Experimental factors Levels
Temperature 20°C 25°C 30°C 35°C 40°C
Relative humidity 40% 60% 80% 100%
Pesticide formulation EC SC WP WG SL
Pesticide concentration 1:100 1:200 1:500 1:1000
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utilized in this experiment: a 5% imidacloprid emulsion (5%
imidacloprid EC), a 35% imidacloprid suspension (35% imida-
cloprid SC), a 10% imidacloprid wettable powder (10% imida-
cloprid WP), a 70% imidacloprid water dispersible granule (70%
imidacloprid WG), and a 10% imidacloprid soluble concentrate
(10% imidacloprid SL). They were produced by Xinyi Nong
Plant Protection, Jiaduo Collects Genuine Agricultural Materi-
als, Fengge China Agricultural Materials, MinYuan Agricultural
Materials, and Green Field Plant Protection, respectively. Differ-
ent concentrations of pesticides were distinguished by the dilu-
tion ratio of the pesticide stock solution, which was obtained
by adding deionized water to an imidacloprid pesticide stock
solution. The specific dilution ratios were 1:100, 1:200, 1:500,
1:1000, 1:2000, 1:3000, and 1:4000.

3.2. Effect of temperature and humidity interaction on rice leaf

contact angle

The leaf contact angles of the three rice varieties under differ-
ent combinations of temperature and humidity were determined
under the condition that the pesticide formulation was a suspen-
sion agent and the pesticide concentration was 1:200. The am-
bient temperature levels were 20°C, 25°C, 30°C, and 35°C, and
the ambient relative humidity levels were 40%, 50%, 60%, 70%,
80%, 90%, and 100%. Contact angle measurement experiments
with different combinations of temperature and humidity were
conducted, and each experiment was repeated 12 times. The
maximum and minimum values were removed, and the average
value of the remaining 10 contact angles was taken as the final
experimental result. Finally, IBM SPSS Statistics Software (SPSS
Inc., USA) and Design-Expert software (Stat-Ease, USA) were
used to analyze the influence of temperature and humidity on
the contact angle of droplets on the rice leaf surface.

3.3. Multilevel mixed orthogonal experiment
To explore the influence of the four external factors (tempera-
ture, relative humidity, pesticide formulation, and pesticide
concentration) on the contact angle of the rice leaf surfaces, 25
groups of mixed orthogonal experiments were designed accord-
ing to the experimental factors and levels in Table 2. The mea-
surements were repeated 12 times for each group, and the maxi-
mum and minimum values were removed. The average value of
the remaining 10 contact angles was taken as the final experi-
mental result. SPSS software was used to analyze the experimen-
tal data using a multifactor analysis of the general linear model.
Finally, the degree of influence of each factor was recorded, and
the degree of influence of each external factor was obtained
through analysis with Design-Expert software.

Results

1. Univariate analysis
1.1. Effect of temperature on the contact angle of droplets on
rice leaf surfaces
The experimental results showed that the measured contact an-
gles on the leaf surfaces of the three rice varieties varied with the
ambient temperature, as shown in Fig. 3. At different ambient
temperatures, the contact angles of the droplets on the surfaces
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Fig. 3. Relationships between the leaf contact angles of three rice culti-
vars and temperature.

of the rice leaves were significantly different. With an increase
in ambient temperature from 15 to 45°C, the leaf contact angles
of the three rice varieties changed significantly. The leaf contact
angles of the three tested varieties ranged from 120 to 135°. The
contact angle of Guang 8 You 169 increased from 127.331 to
136.384°, which was an increase of 7.1%; that of He Mei Zhan
increased from 127.279 to 134.327° an increase of 5.6%; and
that of Mei Xiang Zhan 2 rose from 125.503 to 134.676°, an in-
crease of 7.3%. In the ambient temperature range of 15-25°C,
the rice leaf contact angle decreased significantly and reached its
minimum at approximately 25°C. When the ambient tempera-
ture continued to rise from 25 to 45°C, the contact angle tended
to increase, and the wetting and spreading effects became weak-
er. Therefore, in the rice-planting environment, when the exter-
nal temperature was approximately 25°C, the contact angle was
the smallest, and the droplets had the best wettable spreading ef-
fects on the surface of rice leaves.
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Fig. 4. Relationships between the leaf contact angles of three rice culti-
vars and relative humidity.
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Fig. 5. Relationships between the leaf contact angle of rice and relative
humidity under different formulations of imidacloprid.

1.2.  Effect of humidity on the contact angle of droplets on rice
leaf surfaces

The change in the leaf contact angle of the three rice varieties
with humidity was measured experimentally. As shown in Fig.
4, the leaf contact angles of the three rice varieties exhibited
obvious changes with an increase in environmental humidity
from 40 to 100%. The leaf contact angles of the three rice va-
rieties were all in the range of 115.0-137.5°. The contact angle
of Guang 8 You 169 increased from 122.766 to 137.361°, which
was an increase of 11.9%. The contact angle of He Mei Zhan
increased from 114.67 to 136.901°, an increase of 19.4%. The
contact angle of Mei Xiang Zhan 2 increased from 119.758 to
134.867°, an increase of 12.6%. In the range of 40-100% relative
humidity, the rice leaf contact angle increased with the gradual
increase in environmental relative humidity. The contact angle
reached its maximum when the relative humidity was 100%,
when the wetting and spreading effects of the liquid on the rice
leaf surface were the worst. The contact angle reached its mini-
mum when the relative humidity was 40%, when the wetting
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Fig. 6. Relationships between the leaf contact angle of rice and temper-
ature under different formulations of imidacloprid.
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Fig. 7. Relationships between the leaf contact angle and temperature
under different concentrations of imidacloprid.

and spreading effects of the liquid on the rice leaf surface were
the best.

1.3. Effect of pesticide formulation on the contact angle of rice

leaf surfaces

For five different formulations of the pesticide imidacloprid,
the droplet contact angle on the rice leaf surface varied with
ambient temperature and relative humidity, as shown in Fig. 5
and Fig. 6. It can be concluded from the figures that the vari-
able trends in the contact angles with the five pesticide formu-
lations on the rice leaf surface under different temperatures
and humidity are consistent with the results presented in Sec-
tions 3.1.1 and 3.1.2. Finally, the values of the contact angles
for the five pesticide formulations were ranked as follows:
WG>EC>SC>WP>SL. Therefore, the differences in the nu-
merical values of the droplet contact angles for the five pesticide
formulations suggest that the effects of different formulations of
the same pesticide on the rice leaf contact angle are significantly
different.

140
130 |
~120}F
-
=
110 |
= ——1:100
3 ——1:200
S 100 | ;
= ——1:500
o ——1:1000
92 | —+—1:2000
——1:3000
——1:4000
80 |
1 L L L L L L

40% 50% 60% 70% 80% 90% 100%
humidity (%)

Fig. 8. Relationships between the leaf contact angle and humidity under
different concentrations of imidacloprid.
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Table 3. Tests of Between-Subject Effects

Source Type III Sum of Squares df Mean Square F p-value
Corrected Model 674.236% 26 25.932 7.643 0.280
Intercept 381792.777 1 381792.777 112523.245 0.002
Temperature*humidity 15.954 17 0.938 0.277 0.926
Temperature 98.100 3 32.700 9.637 0.231
Humidity 551.179 6 91.863 27.074 0.146
Error 3.393 1 3.393
Total 390200.428 28
Corrected Total 677.629 27

9 R-Squared=0.995 (Adjusted R-Squared=0.865)

1.4. Effect of pesticide concentration on the droplet contact
angle on rice leaf surfaces

Figure 7 shows the change in the contact angle of seven differ-
ent concentrations of imidacloprid on the surface of rice leaves
at different environmental temperatures. As shown in the figure,
the trends of the contact angles of the seven pesticide concen-
trations on rice leaf surfaces with changing temperature were
consistent with the results presented in Section 3.1.1. Overall,
the contact angles of the droplets on the rice leaf surfaces were
significantly different for different pesticide concentrations,
and they were roughly divided into three categories. In the first
category, the contact angles of pesticides with the highest dilu-
tions (1:1000, 1:2000, 1:3000, and 1:4000) were the largest,
similar to the contact angle of water on the rice leaf surface. In
the second category, the contact angle of the moderately diluted
solution (1:500) decreased by approximately 2.5-3° compared
with those in the first category. In the third category, the con-
tact angles of the pesticides with the lowest dilutions (1:100 and
1:200) were significantly lower, with the lowest contact angle
being approximately 107° at 25°C.

Figure 8 shows the curves of the contact angles of seven con-
centrations of imidacloprid on the surface of rice leaves in rela-
tion to the environmental relative humidity. As can be seen from
the figure, the trends of the contact angles of the seven pesticide
concentration solutions with increasing relative humidity were
consistent with the results presented in Section 3.1.2. Overall,
the contact angle was significantly different for different pesti-
cide concentrations. The contact angles were divided into three
categories. In the first category, the contact angles of the liquids

contact angle

8: humidity o

A temperature

with a high degree of dilution (1:500, 1:1000, 1:2000, 1:3000,
and 1:4000) were large, similar to the contact angle of water
on the surface of rice leaves. In the second category, the contact
angle of the moderately diluted solution (1:500) was slightly de-
creased compared to those in the first category, but the reduc-
tion degree was not as significant as that presented in Fig. 8.
In the third category, the contact angles of the liquid with the
lowest dilution levels (1:100 and 1:200) decreased significantly
compared to the other categories, and the contact angle reached
a minimum of approximately 85° under the condition of 40%
relative humidity.

2. Two-factor interaction analysis of temperature and humidity
The two-factor univariate analysis of the leaf contact angle of
rice plants with different combinations of ambient tempera-
ture and relative humidity was performed using SPSS. Finally,
the influence of the two main factors, temperature and relative
humidity, on the contact angle was determined. The results of
the specific analysis are presented in Table 3. The results show
that the effects of temperature (p=0.231) and relative humidity
(p=0.146) on the contact angle of droplets on the surface of rice
leaves were not significant (at a level of p=0.05). Under the in-
teraction of temperature and relative humidity, the influence of
the contact angle was not significant (p=0.926).

In addition, a response surface analysis of rice leaf contact
angles under different temperature and relative humidity com-
binations was performed using Design-Expert software. Surface
response maps and contour maps of the temperature and rela-
tive humidity are shown in Fig. 9.

contact angle
\

B: humidity

A: temperature

Fig. 9. Temperature and humidity versus contact angle.
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Table 4. Orthogonal experimental results

Number Temperature Relative humidity ~ Pesticide formulation Pesticide concentration Contact angle
1 25°C 60% WP 1:200 92.850*+1.941
2 40°C 40% SL 1:200 85.526+1.004
3 35°C 40% WG 1:500 122.830+1.894
4 20°C 60% SC 1:500 114.090+1.222
5 30°C 40% WP 1:1000 118.339+1.073
6 25°C 80% WG 1:1000 128.799+1.458
7 35°C 60% SL 1:100 77.373+0.968
8 40°C 60% EC 1:1000 127.889+1.129
9 40°C 100% WP 1:500 115.055+0.731

10 35°C 100% SC 1:1000 121.440%2.743
11 30°C 100% EC 1:100 109.986+1.352
12 25°C 100% SL 1:100 79.625+0.730
13 25°C 40% SC 1:100 106.339+1.055
14 35°C 80% EC 1:200 118.220+0.664
15 20°C 80% WP 1:100 86.968+2.049
16 20°C 40% EC 1:100 112.953+1.582
17 30°C 60% WG 1:100 107.017+1.328
18 40°C 40% WG 1:100 104.194+1.240
19 20°C 100% WG 1:200 113.047£2.575
20 30°C 40% SC 1:200 109.760*1.314
21 25°C 40% EC 1:500 123.379*1.261
22 35°C 40% WP 1:100 82.381%+0.610
23 40°C 80% SC 1:100 104.089+1.495
24 20°C 40% SL 1:1000 119.042+1.952
25 30°C 80% SL 1:500 108.678+1.316

As shown in Fig. 9, as the relative humidity gradually de-
creased from 100%, the contact angle tended to gradually de-
crease. As the temperature changed from 15 to 40°C, the con-
tact angle decreased. At 25°C and 40% relative humidity, the
minimum contact angle was reached (approximately 113.5°).
The trend of the contact angle increased after reaching this
minimum value. In addition, as the surface steadily changed,
the values of the contour line and the color changed smoothly
and gradually. The temperature and relative humidity had little
effect on the contact angle. However, compared to temperature,
humidity had a greater impact on the contact angle of droplets
on the rice leaf surface.

Under the interaction of temperature and relative humidity,
the change in the leaf contact angle of rice plants was also rela-
tively stable. Therefore, it can be concluded that environmental
temperature and relative humidity have no significant interac-
tive effect on the contact angle of droplets on the surface of rice
leaves.

3. Orthogonal experimental analysis

The experimental results of the 25 sets of the contact angle
mixed orthogonal experimental data are presented in Table 4.
The multifactor univariate analysis of the general linear model
was carried out using SPSS, and the inter-subject effect test re-

sults are shown in Table 5. It can be seen from Table 5 that the
effects of pesticide formulation and pesticide concentration were
both significant (p<<0.05), indicating that they each had a signif-
icant influence on the contact angle of droplets on the surface of
rice leaves. However, the F-value of the pesticide concentration
factor was 29.756, and that of the pesticide formulation factor
was 17.705. Therefore, the pesticide concentration had a greater
influence on the contact angle than did the pesticide formula-
tion. In contrast, the effects of ambient temperature and relative
humidity were insignificant (p>0.05). As discussed in Sections
3.1.1 and 3.1.2, temperature and humidity had an insignificant
influence on the contact angle of droplets on the surface of rice
leaves. However, humidity (p=0.433) had a greater influence on
the contact angle than did ambient temperature (p=0.461).

The above four factors had a descending order of influ-
ence on the contact angle of droplets on the surface of rice
leaves: pesticide concentration>pesticide formulation>relative
humidity>temperature. When the other parameters were con-
sistent and the dilution ratio of the pesticide concentration was
1,000 times or higher, the contact angle of droplets on the sur-
face of rice leaves was more than 120° and the rice leaves were
hydrophobic. When the dilution ratio of the pesticide concen-
tration was 100 times, the contact angle was approximately 85°,
and the reduction rate was 29.2%.
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Table 5. Tests of Between-Subjects Effects

Source Type III Sum of Squares df Mean Square F p-value
Corrected Model 5235.184% 14 373.942 11.928 0.000
Intercept 254739.223 1 254739.223 8125.685 0.000
Temperature 122.702 4 30.676 0.978 0.461
Humidity 93.784 3 31.261 0.997 0.433
Pesticide formulation 2220.157 4 555.039 17.705 0.000
Pesticide concentration 2798.541 3 932.847 29.756 0.000
Error 313.499 10 31.350
Total 294965.009 25
Corrected Total 5548.683 24
9 R-Squared=0.944 (Adjusted R-Squared=0.864)

In addition, 29 experimental groups were designed usin . )
8 8 & Discussion

Design-Expert software. The interference effects of the four ex-
ternal factors (ambient temperature, relative humidity, pesticide
formulation, and pesticide concentration) on the contact angle
of droplets on the rice leaf surface were analyzed. In Fig. 10,
as the design factor increased from —1 to 1, there was a larger
variation in the curve and a greater influence of the influencing
factor on the contact angle of the droplet on the rice leaf surface.

The overall change in the amplitude of ambient temperature
(impact factor A) was the smallest, while that of pesticide con-
centration (impact factor C) was the largest, and the relative hu-
midity and pesticide formulation were in the middle (Fig. 10).
Therefore, ambient temperature had the least influence on the
contact angle of droplets on the rice leaf surface, while pesticide
concentration had the largest influence. The degree of influence
on the contact angle was pesticide concentration>pesticide
formulation>relative humidity>temperature, which was con-
sistent with the orthogonal experimental results obtained
through SPSS.

Perturbation

—A— A: temperature

120 — —=— B: humidity

—e— C: pesticide concentration
—4— D: pesticide formulation
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110 —|

contact angle/®

105 —|

100 —|

T T T T T
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Fig. 10. Interference diagram of (A) temperature, (B) humidity, (C)
pesticide concentration, and (D) pesticide formulation. NOTE: The hor-
izontal axis of the interference graph represents the design factor of the
experimental group, and the level ranges from the minimum (—1) on the
left to the maximum (1) on the right, indicating that the impacts of the
four external influence factors increased from small to large.

The above experimental results show that the temperature and
relative humidity of the ambient air have an effect on the contact
angle of the droplets on the surface of rice leaves during plant
growth. Koch et al.?®) investigated the effects of relative humid-
ity on the physical and chemical composition of leaf surface
wax, morphology, and wettability of cabbage, eucalyptus, and
nasturtium. The contact angles of droplets on the leaf surfaces
of these three species of hydrophobic plants were measured,
and gas chromatography was used to estimate the amount of
wax on the leaf surfaces. The experimental results showed that
high relative humidity (98%) resulted in a significantly higher
amount of water contained in the leaves of cabbage, eucalyptus,
and nasturtium compared to that under lower relative humid-
ity (20-30%). The contact angle of the corresponding droplets
on the blade surface was also small. In addition, the decrease in
relative humidity in the air caused an increase in the amount of
wax deposited on the leaf surfaces of the three plants. Therefore,
the relative humidity of the air is positively correlated with the
increase in wax crystal density on the surface of plant leaves and
a decrease in leaf surface wettability. This is inconsistent with
the change in the contact angle of droplets on the surface of rice
leaves with increasing relative humidity in the air. This may be
due to the uneven microstructure of the surface of the rice leaf,
as it has striped grooves, stomata, many fine hairs, and a high
degree of roughness.*”

Chhasatia et al’® studied the influence of relative humid-
ity on the contact angle and particle deposition morphology of
evaporating colloidal droplets. A high-resolution goniometer
was used to measure the contact angle of droplets on a glass
substrate by changing the relative humidity in the air while con-
trolling the relevant variables. The results showed that with the
increase in relative humidity, the contact angle of the droplets
on the glass substrate gradually increased, which was consistent
with the contact angle rule obtained by Koch et al.>” In addition,
Chhasatia et al.®® used fluorescence microscopy to study the
deposition behavior of inkjet-printed aqueous colloidal drop-
lets on a glass substrate. The relative humidity in the air also af-
fected the extent to which the droplets spread after hitting the
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glass substrate. The evaporation rate at the surface of the falling
glass substrate and the evaporation-driven flow conditions in-
side the droplets drove the suspended particles toward the con-
tact line between the droplets and the solid surface. Chhasatia et
al.® concluded that the droplet particle deposition area and the
droplet contact angle changed significantly with the relative hu-
midity of the air. Higher deposition diameters can be observed
at higher relative humidity and lower evaporation rates. This can
be attributed to the lower contact angle during diffusion.

Leelamanie ef al.*® found that with a decreasing relative hu-
midity (94 to 33%) and an equivalent stearic acid content, the
surface free energy of sand sample surfaces gradually increased,
while the contact angle of the water droplet on the sand sample
surface gradually decreased. Thus, these results on the influ-
ence of relative humidity on the contact angle of droplets on a
hydrophobic fine sand surface are consistent with the results of
the present study on the relationship between environmental
relative humidity and the wettability of the rice leaf surface (as
discussed in Section 3.1.2).

Based on the results of the above three studies, it can be con-
cluded that the contact angle of droplets on the surfaces of ma-
terials that are hydrophobic varies with the relative humidity of
the ambient air, but there is a considerable difference depending
on the type of material. The reasons for this large contrast may
be the result of differences in the structure of the composite ma-
terials and the surface of plant leaves. Therefore, this study has
determined that the contact angle of droplets on the surface of
rice leaves changes with the relative humidity of the air.

Conclusions

To improve the effect of pesticide spraying in agricultural rice
fields and to reduce the necessary amount of pesticide, four ex-
ternal environmental factors that affect the wettability of liquid
droplets in contact with the surface of rice leaves were studied.
The following conclusions were drawn:

(1) The ambient temperature and relative humidity influence
the contact angle of droplets on the surface of rice leaves. In the
natural environment of rice growth in southern China, the con-
tact angle did not change with a single trend of a rise in ambient
temperature. With an increase in ambient temperature from 15
to 25°C, the contact angle decreased, and the effect of the drop-
lets was gradually enhanced. With an increase from 25 to 45°C,
the contact angle of the droplets on the surface of the rice leaves
increased. Therefore, at an ambient temperature of approximate-
ly 25°C, the contact angle was minimized, and the wet spreading
effect was optimal. In contrast, the contact angle of droplets on
the surface of rice leaves changed with a single trend of an in-
crease in environmental relative humidity. With an increase in
relative humidity from 40 to 100%, the contact angle increased.
Therefore, when the relative humidity of the environment was
40%, the contact angle was the smallest, and the wet spreading
effect was optimal.

(2) The formulation and concentration of the pesticide solu-
tion had a significant influence on the contact angle of drop-

lets on the surface of rice leaves. Different formulations of the
same pesticide had a significant influence on the contact angle.
The five widely used pesticide formulations that were used in
this study resulted in the following ranking of contact angles:
WG>EC>SC>WP>SL. WP and SL had smaller contact angles
than did the other pesticide formulations, and they therefore ex-
hibited the best wet spreading effects. In addition, when using
the same pesticide suspension formulation, the contact angles
of different concentrations of the pesticide solution also exhib-
ited significant differences. With increasing pesticide concentra-
tion, the contact angle gradually increased, and the wetting and
spreading effects gradually decreased. Therefore, the use of high-
concentration (1:100 or 1:200) WP or SL formulations during
spraying operations can improve the spreading effect of the lig-
uid on the surface of rice leaves.

(3) By designing 25 sets of contact angle orthogonal experi-
ments, the degrees of influence of the four external factors were
ranked from large to small as pesticide concentration, pesticide
formulation, relative humidity, and temperature. The most im-
portant external environmental factors affecting the wetting
properties of droplets on rice leaves were pesticide formulation
and pesticide concentration. According to the results of the hy-
brid orthogonal test and the single factor test, when the concen-
tration of sprayed pesticide was increased and the pesticide for-
mulation was WP or SL, the contact angle was greatly reduced.
When the droplets are in contact with the surface of rice leaves,
the wetting and spreading effects are greatly enhanced, and the
rice leaves can be converted from hydrophobic to hydrophilic.

Acknowledgements

This work was financially supported by the National Natural Science
Foundation of China (No. 61773171).

Funding

This research was funded by the key areas special project “Artifi-
cial Intelligence” of the ordinary universities in Guangdong Province
(2019KZDZX1002), the National Natural Science Foundation (Grant No.
61773171), and the Characteristic Innovation Projects of Colleges and
Universities in Guangdong Province (2019KTSCX016).

Conflicts of interest

The authors declare no conflicts of interest.

Author contribution statement

Conceptualization, ].Z. and T.Z.; funding acquisition, J.Z. and S.W; soft-
ware, J.Z. and S.W.; writing—original draft preparation, T.Z., J.Z., and S.W.

References

1) T. Sasaki; International Rice Genome Sequencing Project: The map-
based sequence of the rice genome. Nature 436, 793-800 (2005).

2) V. T. Xuan: Rice production, agricultural research, and the environ-
ment. In “Vietnam’s rural transformation” pp. 185-200, 2018.

3) D. Cai, L. Wang, G. Zhang, X. Zhang and Z. Wu: Controlling pesti-
cide loss by natural porous micro/Nano composites: Straw ash-based
biochar and biosilica. ACS Appl. Mater. Interfaces 5, 9212-9216


https://doi.org/10.1038/nature03895
https://doi.org/10.1038/nature03895
https://doi.org/10.1021/am402864r
https://doi.org/10.1021/am402864r
https://doi.org/10.1021/am402864r

68 J.Zhangetal.

Journal of Pesticide Science

4)

5)

6)

7)

8)

9)

10)

11)

12)

13)

14)

15)

16)

17)

18)

19)

20)

21)

22)

(2013).

C. A. Brewer, W. K. Smith and T. C. Vogelmann: Functional interac-
tion between leaf trichomes, leaf wettability and the optical proper-
ties of water droplets. Plant Cell Environ. 14, 955-962 (1991).

J. Venkatesan, S. Rajasekaran, A. Das and S. Ganesan: Effects of
temperature-dependent contact angle on the flow dynamics of an im-
pinging droplet on a hot solid substrate. Int. J. Heat Fluid Flow 62,
282-298 (2016).

X. You, M. He, W. Zhang, H. Wei, Q. He, X. Lyu and L. Li: Molecu-
lar dynamics simulations and contact angle of surfactant at the coal-
water interface. Mol. Simul. 44, 722-727 (2018).

C. Zhang, X. Zhao, J. Lei, Y. Ma and E. Du: The wetting behavior of
aqueous surfactant solutions on wheat (Triticum aestivum) leaf sur-
faces. Soft Matter 13, 503-513 (2017).

S. Wang, H. Wang, T. Li, C. Li, X. Zhong and Y. Zhou: Wetting prop-
erty representation of pesticides on the crop leaf surfaces. Bangladesh
J. Bot. 45, 1027-1033 (2016).

V. Bergeron, D. Bonn, ]. Y. Martin and L. Vovelle: Controlling droplet
deposition with polymer additives. Nature 405, 772-775 (2000).

M. Damak, M. N. Hyder and K. K. Varanasi: Enhancing droplet
deposition through in-situ precipitation. Nat. Commun. 7, 12560
(2016).

D. Pimentel, L. McLaughlin, A. Zepp, B. Lakitan, T. Kraus, P. Klein-
man and G. Selig: Environmental and economic effects of reducing
pesticide use in agriculture. Agric. Ecosyst. Environ. 46, 273-288
(1993).

M. Lechenet, E Dessaint, G. Py, D. Makowski and N. Munier-Jolain:
Reducing pesticide use while preserving crop productivity and profit-
ability on arable farms. Nat. Plants 3, 17008 (2017).

C. Yao, K. Myung, N. Wang and A. Johnson: Spray retention of crop
protection agrochemicals on the plant surface. In “Retention, Uptake,
and Translocation of Agrochemicals in Plants,” American Chemical
Society, pp. 1-22, 2014.

D. Bonn, J. Eggers, J. Indekeu, J. Meunier and E. Rolley: Wetting and
spreading. Rev. Mod. Phys. 81, 739-805 (2009).

K. Koch, B. Bhushan and W. Barthlott: Diversity of structure, mor-
phology and wetting of plant surfaces. Soft Matter 4, 1943-1963
(2008).

X. Zhao, Y. Gao, C. Zhang, Y. Zhu, J. Lei, Y. Ma and E Du: Wettabil-
ity of ionic surfactants SDS and DTAB on wheat (Triticum aestivum)
leaf surfaces. J. Dispers. Sci. Technol. 39, 1820-1828 (2018).

Y. Q Zhuy, C. X. Yu, Y. Li, Q. Q. Zhu, L. Zhou, C. Cao and E P. Du:
Research on the changes in wettability of rice (Oryza sativa.) leaf sur-
faces at different development stages using the OWRK method. Pest
Manag. Sci. 70, 462-469 (2014).

K. L. Mittal (Ed.): Advances in contact angle, wettability and adhe-
sion. John Wiley & Sons. (2015).

J. H. Troughton and D. M. Hall: Extracuticular wax and contact angle
measurements on wheat (Triticum vulgare L.). Aust. J. Biol. Sci. 20,
509-526 (1967).

N. J. Shirtcliffe, G. McHale, S. Atherton and M. 1. Newton: An intro-
duction to superhydrophobicity. Adv. Colloid Interface Sci. 161, 124
138 (2010).

E. Bormashenko: Progress in understanding wetting transitions on
rough surfaces. Adv. Colloid Interface Sci. 222, 92-103 (2015).

M. Hunsche and G. Noga: Cuticular wax load and surface wettability

23)

24)

25)

26)

27)

28)

29)

30)

31)

32)

33)

34)

35)

36)

37)

38)

39)

of leaves and fruits collected from sweet cherry (Prunus avium) trees
grown under field conditions or inside a polytunnel. Acta Physiol.
Plant. 33, 1785-1792 (2011).

Y. Zhu, Y. Gao, C. Zhang, X. Zhao, Y. Ma and F. Du: Static and dy-
namic wetting behavior of TX-100 solution on super-hydrophobic
rice (Oryza sativa.) leaf surfaces. Colloids Surf. A Physicochem. Eng.
Asp. 547, 148-156 (2018).

C. Cao, Y. Y. Song, Z. L. Zhou, L. D. Cao, E. M. Li and Q. L. Huang:
The role of adhesion force in the bouncing height of pesticide
nanoparticles on the rice (Oryza sativa) leaf surface. J. Mol. Liq. 272,
92-96 (2018).

R.J. Good: A thermodynamic derivation of Wenzel's modification of
Young’s equation for contact angles; together with a theory of Hyster-
esisl. J. Am. Chem. Soc. 74, 5041-5042 (1952).

A. M. Karim, J. P. Rothstein and H. P. Kavehpour: Experimental
study of dynamic contact angles on rough hydrophobic surfaces. J.
Colloid Interface Sci. 513, 658-665 (2018).

G. A. Beattie and L. M. Marcell: Effect of alterations in cuticular wax
biosynthesis on the physicochemical properties and topography of
maize leaf surfaces. Plant Cell Environ. 25, 1-16 (2002).

Y. Chen, W. Xia and G. Xie: Contact angle and induction time of air
bubble on flat coal surface of different roughness. Fuel 222, 35-41
(2018).

Y. Yuehua and T. R. Lee: Contact angle and wetting properties. In
“Surface Science Techniques,” pp. 3-34, 2013.

K. Koch, K. D. Hartmann, L. Schreiber, W. Barthlott and C. Neinhuis:
Influences of air humidity during the cultivation of plants on wax
chemical composition, morphology and leaf surface wettability. Envi-
ron. Exp. Bot. 56, 1-9 (2006).

S. H. Doerr, L. W. Dekker, C. J. Ritsema, R. A. Shakesby and R. Bry-
ant: Water repellency of soils. Soil Sci. Soc. Am. J. 66, 401-405 (2002).
M. E. Diaz, M. D. Savage and R. L. Cerro: The effect of temperature
on contact angles and wetting transitions for n-alkanes on PTEFE. J.
Colloid Interface Sci. 503, 159-167 (2017).

X. Jiang, J. Wan, H. Han, Y. Wang, K. Li and Q. Wang: Sliding and
rolling behavior of water droplets on an ordered nanoball matrix flu-
orocarbon polymer layer under simulated weather conditions. Surf.
Sci. 675, 91-98 (2018).

E. A. Baker: The influence of environment on leaf wax development
in Brassica oleracea var. gemmifera. New Phytol. 73, 955-966 (1974).
Y. Sun, Y. Zhang and Z. Yang: Experimental research on the change
of contact angle of lotus leaf and rice leaf with temperature. J. Jilin
Teach. College Eng. Technol. 33, 102-104 (2017).

D. K. Prasad, M. K. Leung and C. Quek: ElliFit: An unconstrained,
non-iterative, least squares based geometric Ellipse Fitting method.
Pattern Recognit. 46, 1449-1465 (2013).

X. Tang, J. Dong and X. Li: A comparison of spreading behaviors of
Silwet L-77 on dry and wet lotus leaves. J. Colloid Interface Sci. 325,
223-227 (2008).

V. H. Chhasatia, A. S. Joshi and Y. Sun: Effect of relative humidity on
contact angle and particle deposition morphology of an evaporating
colloidal drop. Appl. Phys. Lett. 97, 827 (2010).

D. A. L. Leelamanie, J. Karube and A. Yoshida: Relative humidity ef-
fects on contact angle and water drop penetration time of hydropho-
bized fine sand. Soil Sci. Plant Nutr. 54, 695-700 (2008).


https://doi.org/10.1021/am402864r
https://doi.org/10.1111/j.1365-3040.1991.tb00965.x
https://doi.org/10.1111/j.1365-3040.1991.tb00965.x
https://doi.org/10.1111/j.1365-3040.1991.tb00965.x
https://doi.org/10.1016/j.ijheatfluidflow.2016.10.003
https://doi.org/10.1016/j.ijheatfluidflow.2016.10.003
https://doi.org/10.1016/j.ijheatfluidflow.2016.10.003
https://doi.org/10.1016/j.ijheatfluidflow.2016.10.003
https://doi.org/10.1080/08927022.2018.1441530
https://doi.org/10.1080/08927022.2018.1441530
https://doi.org/10.1080/08927022.2018.1441530
https://doi.org/10.1039/C6SM02387H
https://doi.org/10.1039/C6SM02387H
https://doi.org/10.1039/C6SM02387H
https://doi.org/10.1038/35015525
https://doi.org/10.1038/35015525
https://doi.org/10.1038/ncomms12560
https://doi.org/10.1038/ncomms12560
https://doi.org/10.1038/ncomms12560
https://doi.org/10.1016/0167-8809(93)90030-S
https://doi.org/10.1016/0167-8809(93)90030-S
https://doi.org/10.1016/0167-8809(93)90030-S
https://doi.org/10.1016/0167-8809(93)90030-S
https://doi.org/10.1038/nplants.2017.8
https://doi.org/10.1038/nplants.2017.8
https://doi.org/10.1038/nplants.2017.8
https://doi.org/10.1103/RevModPhys.81.739
https://doi.org/10.1103/RevModPhys.81.739
https://doi.org/10.1039/b804854a
https://doi.org/10.1039/b804854a
https://doi.org/10.1039/b804854a
https://doi.org/10.1080/01932691.2018.1462193
https://doi.org/10.1080/01932691.2018.1462193
https://doi.org/10.1080/01932691.2018.1462193
https://doi.org/10.1002/ps.3594
https://doi.org/10.1002/ps.3594
https://doi.org/10.1002/ps.3594
https://doi.org/10.1002/ps.3594
https://doi.org/10.1071/BI9670509
https://doi.org/10.1071/BI9670509
https://doi.org/10.1071/BI9670509
https://doi.org/10.1016/j.cis.2009.11.001
https://doi.org/10.1016/j.cis.2009.11.001
https://doi.org/10.1016/j.cis.2009.11.001
https://doi.org/10.1016/j.cis.2014.02.009
https://doi.org/10.1016/j.cis.2014.02.009
https://doi.org/10.1007/s11738-011-0717-9
https://doi.org/10.1007/s11738-011-0717-9
https://doi.org/10.1007/s11738-011-0717-9
https://doi.org/10.1007/s11738-011-0717-9
https://doi.org/10.1016/j.colsurfa.2018.03.008
https://doi.org/10.1016/j.colsurfa.2018.03.008
https://doi.org/10.1016/j.colsurfa.2018.03.008
https://doi.org/10.1016/j.colsurfa.2018.03.008
https://doi.org/10.1016/j.molliq.2018.09.086
https://doi.org/10.1016/j.molliq.2018.09.086
https://doi.org/10.1016/j.molliq.2018.09.086
https://doi.org/10.1016/j.molliq.2018.09.086
https://doi.org/10.1021/ja01140a014
https://doi.org/10.1021/ja01140a014
https://doi.org/10.1021/ja01140a014
https://doi.org/10.1016/j.jcis.2017.11.075
https://doi.org/10.1016/j.jcis.2017.11.075
https://doi.org/10.1016/j.jcis.2017.11.075
https://doi.org/10.1046/j.0016-8025.2001.00804.x
https://doi.org/10.1046/j.0016-8025.2001.00804.x
https://doi.org/10.1046/j.0016-8025.2001.00804.x
https://doi.org/10.1016/j.fuel.2018.02.140
https://doi.org/10.1016/j.fuel.2018.02.140
https://doi.org/10.1016/j.fuel.2018.02.140
https://doi.org/10.1016/j.envexpbot.2004.09.013
https://doi.org/10.1016/j.envexpbot.2004.09.013
https://doi.org/10.1016/j.envexpbot.2004.09.013
https://doi.org/10.1016/j.envexpbot.2004.09.013
https://doi.org/10.1016/j.jcis.2017.05.003
https://doi.org/10.1016/j.jcis.2017.05.003
https://doi.org/10.1016/j.jcis.2017.05.003
https://doi.org/10.1016/j.susc.2018.05.002
https://doi.org/10.1016/j.susc.2018.05.002
https://doi.org/10.1016/j.susc.2018.05.002
https://doi.org/10.1016/j.susc.2018.05.002
https://doi.org/10.1111/j.1469-8137.1974.tb01324.x
https://doi.org/10.1111/j.1469-8137.1974.tb01324.x
https://doi.org/10.1016/j.patcog.2012.11.007
https://doi.org/10.1016/j.patcog.2012.11.007
https://doi.org/10.1016/j.patcog.2012.11.007
https://doi.org/10.1016/j.jcis.2008.05.055
https://doi.org/10.1016/j.jcis.2008.05.055
https://doi.org/10.1016/j.jcis.2008.05.055
https://doi.org/10.1063/1.3525167
https://doi.org/10.1063/1.3525167
https://doi.org/10.1063/1.3525167
https://doi.org/10.1111/j.1747-0765.2008.00296.x
https://doi.org/10.1111/j.1747-0765.2008.00296.x
https://doi.org/10.1111/j.1747-0765.2008.00296.x

